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Abstract--The transition of planar shock waves over straight wedges in steady flows between 
regular and Mach reflection was numerically studied by the DSMC method for small Knudsen num- 
bers. The hysteresis effect was observed at increasing and decreasing shock wave angle. Stability 
of regular and Mach reflection configurations to perturbations was examined and a possibility of 
transforming one configuration to the other by means of the perturbations was shown. The effect of 
starting conditions in the dual solution domain was clarified. 
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1. INTRODUCTION 
TO THE PROBLEM 
For a wedge-generated oblique shock wave being reflected on the symmetry plane in a steady flow, 
two reflection-types are possible (see, e.g., [1]): regular eflection, RR (Figure la) when the wave 
reflection point P lies on the symmetry plane, i.e., the reflected wave crosses the symmetry plane 
at the same point as the incident shock; and Mach reflection, MR (Figure lb) when the triple 
point T (the intersection point of the incident I and reflected R shock waves) is located at some 
distance from the symmetry plane with the third nearly normal shock S emanating therefrom. 
Since the entropy of the gas passed through the shocks I and R in the general case is not equal 
to the entropy of the gas passed through the normal shock S, the Regions 3 and 4 are separated 
by a slip surface SS. Transition from one reflection-type to the other at a fixed free stream Mach 
number depends on the angle a between the incident shock and the symmetry plane. 
Two principal criteria, aN-von Neumann criterion and aD-detachment criterion, are known [2] 
at which the transition from regular to Mach reflection may occur in steady flows. Regular 
reflection is not possible for a > aD and Mach reflection is impossible for a < aN. In the 
range aN < a < aD (dual solution domain), both reflection-types are theoretically possible and 
the difference aD -- aN is about 10 degrees for strong shock waves. 
It is experimentally shown [1] that for strong shock waves (2.8 < M < 5) the transition to 
Mach reflection takes place in accordance with the criterion aN for both increasing and decreasing 
incident shock angles. Therefore, the hysteresis effect, i.e., the dependence of transition conditions 
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(a) Regular configuration. 
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on the direction of the incident shock angle a change, predicted in [3], could not be observed in 
experiments. 
Until recently, theoretical investigations of steady shock wave phenomena have been confined 
to two-wave solution for the RR case and to three-wave solutions for the MR configuration. The 
correctness of these criteria has not been theoretically studied yet. An approximate analytical 
method suggested in [4] allows only the estimation of the Mach stem height at the interaction of 
shock waves in the flow about two wedges. However, this approach does not permit to find the 
transition criterion. 
Apparently, any correction or complement to the experimental data on the transition between 
RR and MR should be rather numerical than analytical. Of course, an important feature of the 
numerical approaches is that they are free of disturbances of various nature which are inherent 
in wind tunnels. Finite-difference methods for solving the Euler equations axe widely used for 
numerical investigation of the shock wave reflection problems in unsteady flows. The absence of 
physical viscosity and the pseudoviscosity effect in the finite-difference assessment may introduce 
some distortions into the shock wave configurations, especially near the triple point. The latter 
deficiency is inherent in the shock-capturing schemes for Navier-Stokes equations as well. 
The Direct Simulation Monte Carlo (DSMC) method takes account of viscosity, and the finite 
thickness of the shock waves is physically grounded. Lately, this method has been commonly 
used for calculating near-continuum flows as an alternative for the finite-difference approach. For 
a small Knudsen number, the number of collisions is large enough to keep the flow at the local 
thermodynamic equilibrium outside the shock waves and slip surfaces, and the flow pattern is 
slightly dependent on the Knudsen number. The DSMC method was first api)lied to study the 
process of the transition between RR and MR in recent paper [5]. The results of the paper [1] 
were questioned there, and the hysteresis effect was observed. 
In the present paper, the problem of the RR .-. MR transition is examined in detail with the 
DSMC method for very small Knudsen numbers. The hysteresis effect is carefully studied. The 
influence of flow rarefaction on the hysteresis effect is considered. Then, a stability of RR and 
MR configurations to perturbations of the free stream and the flow near the reflection point is 
examined. Afterwards, an impact of the starting conditions on the final configuration is studied. 
The majorant frequency scheme [6] of the DSMC method was used in all the computations. 
This scheme is strictly derived from the master kinetic equation and may be applied to the study 
of near-continuum flows with no restrictions on the number of particles in a cell. The next section 
deals with the basic ideas behind this numerical scheme. 
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2. COMPUTATIONAL METHOD 
The DSMC method that was first constructed phenomenologically by Bird [7] is conventionally 
regarded as a technique for the computer modeling of real gas by several hundred thousands of 
simulation molecules. Conversely, as is shown in [8], this method may be constructed directly 
from the spatially nonuniform aster Leontovich kinetic equation for the N-particle distribution 
function. The direct use of the N-particle master equation seems to be natural here, since in 
numerical calculations by the DSMC method a finite system of simulation molecules i  always 
utilized. Since the Boltzmann equation may be derived from the master kinetic equation for an 
N-particle system under the conditions of molecular chaos, the DSMC method may be regarded 
in a certain sense as a numerical method for solving the Boltzmann equation. 
Below we give the main features of the majorant frequency scheme of the DSMC method 
derived irectly from the master kinetic equation. The spatially homogeneous case is considered 
in detail, and an extension to inhomogeneous case is presented only schematically. 
The master kinetic equation for N-particle distribution function fN in a spatially homogeneous 
case may be written 
~ fN(t ,O)  -~ . . deij bi jdbi j lOi-Oj l{fN(t,O~j)- fN( t ,C )} ,  (1) 
where C = (01,.. .  ,0N) is 3N-dimensional vector of particle velocities; e~j = (01,.. .  ,0~,. . . ,  
- -!  - -!  0~,..., 0N); b O and eij are the impact parameters of i and j collision partners; (%, v)) and (0i, ~j) 
are pre- and post-coUisional velocities of i, j molecules, n is the number density. 
Then the formal derivation of the majorant frequency algorithm is as follows. Let us rewrite 
equation (1) in terms of the probability density w of the transition from (0;,0~) to (0~,0j) per 
time unit 
/ -! -? - o v , ,0 j ) - ' - '  - -  = --'* dv i de), otiN(t'V)+ (e)SN( 'e) (2) 
where u(C) is the collision frequency, 
n / n 
= dv i dvj -'~ ~ at(go)gij, 
i<j i<j 
and g is the relative collision velocity, at (g)is the total collision cross-section. 
Then add to the both sides of equation (2) the corresponding sides of the equality 
[Vm--V((~,'~)] fN(~:,e) ~ fN(~,e ' )  { [gat (g ) ]ma x -- / U - -  = g, j ,  (e e,) de', '<j 
and join the right side integrals to have 
- -  fN (t, O) -I- PmfN (t, C) = .-~"~ fN (t, O') { [[go't (g)lmsx -- g,j' ~t (gO)]' (3) 
Here vm is the majorant for v(e), i.e., v(e) < Urn = N(N-  1)[gat(g)]max/2, and 6 is the Dirac 
delta function. 
Let us introduce the function ~(t, C) as 
/N ( t ,e )  v (e )= K2(t' . - - , t le )~( t ' ,e )  dr', 
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where K2 is the kernel K2(t' -* t [ ¢) = O( t - t')y(O) exp{-v(0)(t  - t')} and 0 is the Heaviside 
function, then equation (3) may be transformed to the integral form 
¢(t ,  0) = K~¢(t ' ,C ' )  de'dr' +5(t) f°  (C), (4) 
with the kernel 
Here 
= (t' + t l e ' )  K?  (e '  + e )  . 
K~ n (t' --* t ] C') = 8(t - t')um exp{-vm(t - t')}, (5) 
2 {[_  1) [gO't (g)] ma xg~jUt(gi/3") ~(Vi--V~)~(Vj--O~) g~n (C' --* C) = ~ N(N 1 
(6) 
} 1-I q-[gfft(g)]max g~j6rt (g~j) rn-~ l rn~i,j 
The probability treatment of equation (4) and kernels (5),(6) shows that the temporal transition 
is defined by the majorant collision frequency urn = const. Kernel (6) may be treated on the 
basis of yon Neumann principle: randomly chosen collision partners i , j  change their velocities 
? ! with the probability P = gijat(g~j)/[gat(g)]max, nd with the probability (1 - P) the velocities 
will not change, i.e., a fictitious collision occurs. 
Using such treatment of equation (4) and kernels (5),(6) the majorant frequency algorithm for 
the master kinetic equation may be presented as follows. 
Step 1. Selection of the initial state (to, C'0) of N-particle trajectory from the probability 
density/o(~,); the number of state is l = 0. 
Step 2. Sampling the random variable r from l/m exp{-umt} and t~+1 = tt + r. 
Step 3. If tt+l > T, then the trajectory is terminated (go to Step 1). If tt+l < T, then 
the pair i , j  is randomly selected from N(N - 1)/2 possible pairs and if R! < 
PU s U (gij t(gij)/[g t(g)]max), where RI is uniformly distributed over (0; 1), then the col- 
lision occurs (go to Step 4). Otherwise, the fictitious collision is observed (go to 
Step 2). 
Step 4. Post-collisional particle velocities are calculated. Afterwards, the transition to Step 2. 
Now the state of N-particle system is (tt+l, Ct+l)- 
Thus, the majorant frequency algorithm is directly derived from the master kinetic equation 
for N-particle distribution function. Note, that after integration of equation (1) over ( N - 1) 
phase variables, we obtain an equation for one-particle distribution function 
O N-1  /o2~ /o°° / (9--t fl : N n d([ bdb d'02['~1 - ~2[ (fl ('v~) fl ('02) -/ l( '01)fl  ('u2)) 
+ ~-~n fo2~ de fo~ bdb f dV2lVl -V~l(g~-g2), 
where g2 -- f2 - f i l l .  This equation is transformed into the Boltzmaun equation when N --* c~ 
and the molecular chaos hypothesis i valid. Thus, at these conditions the results of statistical 
simulation correspond to the solution of the Boltzmann equation. 
The derivation of the majorant frequency scheme from the Leontovich equation, i.e., its gener- 
alization to the spatially inhomogeneous case is given in detail in [6]. The main supplement here 
is the free-molecular motion of particles after the collision stage. 
The principal feature of the traditional schemes of the DSMC method is the local consideration 
of collisions in a cell, i.e., collisions are sampled in each cell independently. Certainly, this 
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restriction results in some limitations on the number of particles No in a cell and, hence, on the 
total number of model particles. This restriction is caused by the need for correct simulation of 
the collision process in a cell. 
Thus, the consideration of the N-particle system as a whole, as the majorant frequency scheme 
does, seems to be rather promising. This enables one to abandon any restrictions on the number 
of particles in each cell. The only constraint is the statistical dependence between the particles 
which is imposed on the total number of particles in the system. 
Two different majorant frequency schemes were derived in [8]. The first of them is a cell 
scheme where, unlike the traditional DSMC schemes [7,9], the cell for a collision is chosen on the 
probability basis. The second one is a free cell scheme. In this case, the choice of a colliding 
pair depends on the distance between particles, i.e., two particles may collide only if the distance 
between them is less than some interaction parameter ~. 
In the present paper, the following combined method is applied [10]. The computational 
domain is divided into uniform so-called background cells. Each background cell has its own 
interaction parameter e. This parameter governs the local collision resolution. The adaptation of 
the resolution to local gradients and local mean free paths occurs during the modeling process. 
In an undisturbed flow, the interaction parameter coincides with the linear size of background 
cells, and this parameter is considerably reduced in the shock fronts where the flow is highly 
nonecluilibrium. Thus, it is possible to state that far from the body the cell scheme is applied, 
and in the zone of strong gradients, to provide for a high spatial resolution, the free-cell scheme 
is used in each background cell (similar to a zoom lens). Note that the indexing of molecules 
by cells is carried out only for the background uniform Cartesian mesh. Such a combined usage 
of cell and free cell schemes made it possible to achieve adequate spatial resolution in the entire 
flow field. In conjunction with the absence of any restrictions on the number of particles in a 
cell, this allows one to simulate the flow at very small Knudsen numbers. 
3. COMPUTATIONAL PARAMETERS AND FLOW CONDIT IONS 
A rectangular computational domain was taken with a rectangular background grid. Since 
the problem is symmetric, only the upper half of the domain was considered and specular reflec- 
tion was assumed at the symmetry plane. Free stream conditions with Maxwellian distribution 
function were assigned at the upstream boundary and at the upper boundary of the domain. 
The downstream boundary was chosen far enough to promote a supersonic flow, and the vacuum 
boundary conditions were specified for it, i.e., no particles entering the computational domain. 
In the first series of computations, a uniform undisturbed flow was assumed in the entire 
computational domain as the initial condition. The wedge angle ~ was chosen so that the gen- 
erated oblique shock wave had an assigned angle c~ with the symmetry plane corresponding to
the two-wave solution. Since the flow structure was of major interest in the region of shock 
waves intersection for regular and Mach reflection, specular reflection condition was taken as the 
boundary condition on the wedge surface. This made it possible to avoid the boundary layer 
formation which results in the change of the shock wave incidence angle. 
To investigate the hysteresis effect, the angle a was changed by the wedge rotation around 
its trailing edge during the calculations. This was achieved by the following procedure. First, 
the calculation was performed for some n0. After the flow became stationary, the wedge was 
rotated around the trailing edge so that the new wedge position generated a shock wave with 
the incidence angle c~. When the flow became stationary in this position, the wedge was rotated 
again. 
All results presented here (except for those shown in Figure 5b) were obtained for the flow 
conditions and wedge configurations taken from the paper [3]. The free stream gas was argon, 
7 = 5/3, M = 16, g/w = 0.41, where g is the distance between the trailing edge of the wedge 
and the symmetry plane, w is the wedge length. The data in Figure 5b were obtained for the 
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wedge configuration and flow conditions from the paper [1]. The Mach number was M = 4.96, 
To = 365 K, g/w = 0.34, and nitrogen with 7 = 1.4 was used as the free stream gas. The 
conventional Larsen-Borgnakke model was used to simulate the rotational-translational energy 
transfer. 
4. COMPUTATIONAL RESULTS 
AND DISCUSSION 
4.1. Fixed Wedge 
The first series of computations was carried out for a set of fixed wedge angles generating 
incident shock waves with a specified incidence angle a within the range between air = 26.16 
and ~D ----- 35.37. A uniform undisturbed flow was assumed in the entire computational domain 
as the initial condition. The calculations showed that the incidence angle of the wedge-generated 
shock wave and the gas parameters behind it were rather close to the corresponding theoretical 
values. 
For all a, an RR was observed up to a = aD. Figure 2 shows an example of the shock 
wave configuration (pressure flowfield and streamlines) for the incidence angle a = 35 ° slightly 
below aD. The parameters behind the incident and reflected shock waves are in good agreement 
with the two-wave solution. In particular, the pressure behind the reflected shock wave differs 
from the theoretical two-wave value by no more than 2%. 
Level p/pro 
1 
2 
3 
4 80 
5 100 
6 120 
7 140 
8 160 
9 180 
10 20O 
11 220 
12 240 
13 260 
14 280 
15 300 
16 320 
17 340 
18 36O 
19 380 
2O 
F igure  2. P ressure  field (cont inues  l ines) and  s t reaml ines  (dashed l ines) 
f low as in i t ia l  cond i t ion ,  a rgon ,  M = 16, Kn = 0.0025,  c~ = 35. 
for  un i fo rm 
Level 
E i i i i i==.  " 
i i i l i ~  ~ 3 ~  ~ . . . . . . . . . . . . .  iz4 
~ 14 7 6 
P/P® 
1 2o 
2 4o 
3 6o 
4 8o 
5 100 
6 120 
7 140 
8 160 
9 180 
10 200 
II 220 
12 240 
13 26O 
14 280 
15 3O0 
16 320 
17 340 
F igure  3. P ressure  f ield (cont inues  l ines) and  s t reaml ines  (dashed l ines) for  un i fo rm 
f low as in i t ia l  cond i t ion ,  a rgon ,  M --- 16, Kn ---- 0.0025,  a ---- 36. 
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When the incidence angle a > aD,  an MR is observed. The shock wave configuration for a = 
36 ° exceeding a~) is given in Figure 3. The pressure downstream of the Mach stem coincides 
with the theoretical value. Behind the reflected wave and near the triple point the pressure is 
somewhat higher (up to 10%) than the pressure downstream of the Mach stem. 
Thus, RR takes place for all a inside the dual solution region and MR occurs for a > aD. 
Similar results were obtained for nitrogen (~ = 1.4) as well. 
4.2. Mov ing  Wedge and the Hysteresis Effect 
In all the above computations, the uniform initial conditions were used. The next set of 
computations was performed with special initial conditions, i.e., for some angle a the solution 
obtained at a* > a was used as the initial condition. At first, an MR configuration obtained for 
a > aD was used as the initial conditions for a l  < aD (for example, for a = 35°). Then, the 
computation for a2 < a l  was performed with the initial condition corresponding to the solution 
at a l .  This procedure was repeated for a3 < ~2, etc. The angle c~ was changed by rotating the 
wedge around its trailing edge. 
Level pip oo 
1 0-5 
2 1.0 
3 1.5 
4 2.0 
6 
7 3.$ 
8 4.0 
4.5 
10 $.0 
11 5~5 
12 6.0 
13 6.5 
14 7.0 
(a) Density flowfield for the case of Figure 2. 
(b) Math number flowfield for the case of Figure 2. 
Figure 4. 
Level 
1 
2 
3 
4 
M 
0~0 
~75 
IJO 
1~5 
5 1~0 
6 1.75 
7 ~00 
8 2.$0 
9 3.00 
10 4.OO 
!1 5.00 
12 CO0 
13 7~0 
14 8.OO 
15 9.00 
16 10.0 
17 12.0 
18 14.@ 
19 16.2 
20 17.0 
21 18.0 
As the computations showed, the MR configuration is retained under thus posed initial con- 
ditions at a < aD as well. An  example of MR for a < so is presented in Figure 4 which 
shows the density and Mach number fields for a = 35% The Mach configuration exists down to 
some a* > aN. An earlier transition from MR to RR than expected, and experimentally obtained 
for a* > aN, may be explained by significant viscous effects. When the angle a approaches aN, 
the Mach stem height decreases and becomes comparable with the shock wave thickness. In 
this case, the reflection-type is impossible to be recognized. The angle a* is reduced with Kn  
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decreasing. The dependence of the Mach stem height on the angle a variation and Knudsen 
number is shown in Figure 5a. 
The DSMC calculations for different flow conditions (M = 4.96, 7 = 1.4) confirmed also that 
the final configuration in the dual solution domain depends on the initial conditions. An MR 
configuration was obtained if MR was taken as the initial conditions, otherwise an RR configura- 
tion was formed. The Mach stem height versus a for various Kn numbers is shown in Figure 5b. 
Note that the results agree qualitatively with those in Figure 5a. 
Hst/w 
0.30 
0.25 
0.20 
0.15 
0.10 
0.05 
0.00 
-O- Kn=0.010 / / ~  
/ s  i / i 
ot I 0t:i Otj aD 
Hst/w 
0.30 [
o.25 t - '~  
} -°- K~---o-o°5 
/ / / / I  
°"°I S I 
./ / .,' I o.oo ~i a~ ~ ~B 
0~ 
32.0 33.0 34.0 35.0 36.0 37.0 38.0 39.0 33.0 34.0 35.0 36.0 37.0 38.0 39.0 40.0 41.0 
(a) Argon, M = 16. (b) Nitrogen, M = 4.96. 
Figure 5. Normalized Mach stem height vs. shockwave angle a. 
Thus, the numerical investigations supported the presence of the hysteresis effect, i.e., of the 
reflection-type d pendence on the direction of the incidence angle variation, at a changing through 
the range a* < a < aD, both from below and from above (see Figure 5). The transition from 
RR to MR takes place at a = ao  when a increases. If the initial a > no,  then at c~ decreasing 
the MR is retained own to a* > aN. 
As was noted above, the hysteresis effect is observed in the region (a*, no) .  Two solutions, 
namely, MR and RR, are possible there, depending on the initial condition. The study of stability 
of the both configurations to various external disturbances for the angles a ranging a* < c~ < c~z) 
is presented in the next section. 
4.3. MR and RR Per turbat ions  
The main objective here was the inspection of the possibility of MR ~ RR transitions in the 
dual solution domain under the effect of external disturbances. The calculations were carried 
out as follows. An MR or RR was prescribed as the initial condition for fixed c~ (a* < c~ < aD) 
and g/w.  Then a certain disturbance was applied during some finite time Tp and the process of 
the flow stabilization was watched afterwards. 
The  flow per turbat ions  near  the ref lect ion po int  
The stability of RR and MR reflection-types to external disturbances was first examined by 
their introductions into the most sensitive portion of the flow, i.e., the region near the reflection 
point. This type of perturbations was calculated for c~ = 33.5 ° and 35 °. An RR was prescribed 
as the initial condition, and a disturbance was introduced in some region near the reflection point 
at the time t = 0, which implied an instantaneous stopping of all particles present in this region 
(i.e., for all these particles ux  = u v = Uz = 0). At t > 0 the disturbance was no longer supported, 
and the flow acquired a certain steady state (MR or RR). The effect of such a disturbance is
similar to implementation f some obstacle into the flow. 
Figure 6 shows sketches of several calculated regions of perturbations for c~ = 33.5 ° and Kn = 
0.005. Only the flow portion near the reflection point is presented here. "RR" or "MR" indicates 
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the final steady configuration. As is seen from Figures 6a and 6b, the RR is retained when 
the disturbance region is of the order of the Mach stem height Hst for the MR configuration 
corresponding to a given a (Hst(33.5 °) ~, 0.06w). The vertical size of this region being increased 
up to 2Hst, the RR holds. 
formation (Figure 6d). 
RR 
(a) 
However, a larger horizontal size (up to 2Hst) results in an MR 
:i ! 
RR ~ MR 
(b) (c) (d) 
Figure 6. Shapes and positions of disturbed regions, a = 33.5, argon, M = 16, 
Kn = 0.005 (solid line-RB, configuration, dashed line-MR configuration, hatched 
area-disturbed region). 
Figure 7 demonstrates some typical perturbed regions for ~ = 35 °. It is seen that the RR is 
retained when the disturbance region is of the order of 0.25Hst (Hst(35 °) ~ 0.132w). However, 
the horizontal size being increased up to 0.5Hst, an MR appears (Figure 7b). If this region is 
located upstream from the incident shock wave, the perturbations exert a weaker effect and the 
RR holds (Figure 7c). When the vertical size of this region is increased by a factor of 2 (its size 
is the same as in Figure 6a), an MR is formed. Thus, the increase of ~ causes lower RR stability. 
RR MR RR MR 
(a) (b) (c) (d) 
Figure 7. Shapes and positions of disturbed regions, a = 33.5, argon, M = 16, 
(a)-(c) Kn -~ 0.005 and (d) Kn = 0.0025 (notations are the same as in Figure 6). 
The RR stability is also appreciably reduced with the Knudsen number decreasing. For Kn = 
0.0025 the RR transforms into MR already for the perturbed region size of about 0.025Hst 
(Figure 7d). 
The study of MR stability to velocity perturbations showed that this configuration is much 
more stable than RR. For example, the doubling of the particle velocities within the regions of 
the order 2Hst did not destroy the MR. 
Free  s t reRm per turbat ions  
The calculations were performed for a = 33.5 °, and perturbations of the free stream velocity 
and density were studied. An MR was taken as the first initial configuration. 
The velocity perturbations imply that the mean velocity of particles entering the computational 
domain from upstream was changing during some time t = ntM and was assumed to be U = xUoo. 
Here n is a constant determining the disturbance duration; tM = Hst /Uoo;  x is the perturbation 
value (here x E [0.5; 2]). The results are shown in Figure 8a where the hatched areas indicate 
the final configurations which depend on duration and magnitude of the perturbations. Here 
the abscissa xis shows the strength of perturbations (perturbation values x), and the ordinate 
corresponds to their durations n (each rectangle means a separate perturbation). As is seen from 
the figure, long-time (n -- 4) velocity perturbations with x = 0.85 and short-time perturbations 
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X 
2 
MR 
x 
0 ~ n  0 ~ n  
11 2 41  21  11  21  
(a) Velocity perturbations. (b) Density perturbations. 
Figure 8. Configuration-type (MR or RR) as a function of magnitude and duration 
of free stream velocity and density perturbations. 
(a) Time moment T = 0.05 ms. 
w~ 
(b) Time moment T = 0.21 ms. 
(c) Time moment T = 0.47ms. 
(d) Final configuration. 
Figure 9. Free stream velocity perturbations 
of RR. 
(a) Time moment T = 0.11ms. 
(b) Time moment T = 0.52 ro~. 
(c) Time moment T --- 0.73 n~. 
(d) Final configuration. 
Figure i0. Free stream velocity perturbations 
of MR. 
with x = 0.5 cause the MR failure and an RR formation. The  disturbances related to the velocity 
increase, retain the MR.  
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Likewise, the density perturbations of the entering particles (p = xpoo) were investigated. As 
is seen in Figure 8b, an appreciable density reduction (x = 0.5), as in the case of u = 0.5Uoo, 
destroys the MR configuration. 
The above results were obtained for an MR initial configuration. The computations carried 
out for an RR initial configuration revealed its higher stability to the free stream perturbations 
at a = 33.5 ° and the entering particle velocit!es hould be noticeably increased (x > 2 for n > 1) 
for its transform into MR. Figure 9 illustrates the temporal transformation of RR into MR 
affected by the particle velocity perturbations i x = 2, n = 1). Figures 9a-9c show the unsteady 
flow pattern for fixed time instants (the fluctuations in the flow field are related to a strong 
statistical scattering). The disturbed region consists of a compression subregion (particles with 
the velocity u = 2uoo overtake the particles with u = uoo) followed by an expansion subregion 
(Figure 9a). The interference of these two subregions with the incident shock wave form the 
Mach stem (Figure 9c). The obtained steady solution is presented in Figure 9d. 
An example of MR--*RR transition is shown in Figure 10 for x = 0.5,n = 1. Since x < 1, 
the downstream perturbed region contains the expansion subregion first with the compression 
subregion to follow. The former subregion smears the MR, and the latter one forms an RR. 
The computations for large c~ showed that at c~ --, o~ D the MR stability increases whereas, that 
of RR is reduced. 
4.4. Effect of Starting Conditions in the Dual Solution Domain 
The results of the study of starting condition effects on the final shock configuration are given 
in this section. The statement of the problem reflects in a certain sense the start-up process for 
some of experimental facilities. 
At the initial moment = 0, the gas in the computational domain is at rest (Ma -- 0) and 
has a density na and temperature Ta. Then, at t > 0 the free stream gas enters through the left 
boundary. The free stream gas has the parameters n, T, and M (they were specified in Section 3). 
The free stream gas interacting with the initial gas, two normal shock waves and a slip surface 
are formed. The forward shock wave accelerates the initially rest gas up to the Mach number M'  < 
v/(2/7(? - 1)). Different speeds of these discontinuities result in increasing the disturbed zone 
closer to the wedge. When the disturbed zone interacts with the wedge surface, an oblique shock 
wave is developed with the slope angle larger than that at the free stream conditions. 
The temporal evolution of the system is shown in Figures 11 and 12 for different na where 
the density flowfields at different ime moments are given. It is clearly seen that the size of the 
disturbed zone increases with increasing as density. Besides, the slope of the disturbed region of 
the oblique shock wave also increases. Both these factors cause the difference in the final shock 
configurations: an RR is established for na = 0.05noo and an MR is observed for na = 0.1noo. 
Generally, the computations showed that at the fixed Ta for all values na < n* the RR is 
realized, while for n* < na <~ n** the MR is developed, and for n~ > n** the choked shock wave 
is a final configuration. Note, the values of na < n* and n** reduce with decreasing the Knudsen 
number. The influence of Ta variation is less considerable than that of n~. 
5. CONCLUSIONS 
The DSMC method was applied to the investigation of the steady shock wave reflection phe- 
nomena in the near-continuum regime. 
The performed computations show the following. 
1. The reflection-type depends on the direction of the incidence angle variation, coming from 
below and from above the region a* < a < aD, i.e., the hysteresis effect exists. 
2. The difference a* - aN is reduced when the Knudsen number decreases, the dependence 
of Hst on a is close to linear within a* < a < aD for various Knudsen numbers. 
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(a) Time moment T = 0.4 ms. (a) Time moment T = 0.4 ms. 
(d) Time moment T = 1.2 ms. (d) Time moment T = 1.2 ms. 
Figure 11. Effect of starting conditions, a ~- 
33.5, Kn = 0.0025, Ta = Too, na = 0.05noo. 
Figure 12. Effect of starting conditions, a = 
33.5, Kn = 0.0025, Ta = Too, na = 0.1noo. 
3. The RR is less stable to the flow disturbances near the reflection point  than the MR. The 
RR stabi l i ty  to this kind of disturbances i appreciably reduced with the flow rarefaction 
decreasing. The last fact indicates that  exper iments on the hysteresis effect should be 
analyzed very carefully, since even small d isturbances can transform the RR into MR. 
4. The free stream disturbances can transform the RR into MR and vice versa, the MR 
stabi l i ty  increases with c~ growing (a* < a < aD),  whereas that  of RR is reduced. 
5. Depending on the start ing condit ions ( init ial ly the gas in the computat ional  domain is at  
rest), three cases are possible in the dual solution domain: .the RR is realized for all values 
na < n*, while for n* < na < n** the MR is developed, and for na > n** the choked 
shock wave is established as a final configuration. 
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